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ABSTRACT
Sub-mono]ayers'of}underpotentia}'deposits of Pb on Ag and Cu

substrates have been investigated in situ by ellipsometry during cyclic

voltammetry. Predictions based upon two extrapolated macroscopic
optical film models were compared to measurements. An island film model,
1ﬁ which film gfowth is assumed to occur by the spreading of monolayer film
patches, provided good agreement with measurements. In this model the
state of polarization of reflected 1ight is determined by the coherent
superposition of polarfzation states resulting from reflection on adjacent
film-covered and bare surface elements. Fractional surface coverage and
optical constants of the deposit, the independent variables in the mddé],
were determined by multidimensional optimization over the entire range of
coverage and confidence intervals for the parameters were determined by

statistical analysis of the measurements.



Introduction

Formation of the fi?st e]ectrodeposited monoléyer on a foreigh
substrate as an underpotential déposit presents a special opportunity for
the study of meta] monolayers because the deposition process can be
controlled by thé deposition potential and independently monitored by the
measurement of electric charge. The nature of the underpotential deposit
has been found to be important for the properties of bulk deposits formed
subsequent1y>[1]. Nucleation and growth of underpotential deposits can be
investigated in situ by simultaneous ellipsometry and cyclic voltammetry,
however, optical models for sub-monolayers are needed to interpret the
ellipsometer measurements. Previous optical studies of‘underpotentia1
deposits include the ellipsometry of a fully developed layer of lead on
evaporated gold [2] and that of thallium and silver on polycrystalline
- gold [3]; Differential reflectance spectroscopy measurements have been
reported for fractional monolayers of Cu on Pt and monolayers of Pb on
pb]ycrysta]]ine:and (111) Ag [4]. Differential reflectance data for under-
potential deposits of Pb on Au [5.] and for many submonolayers, among them

Pb on Au and Pt can also. be found [6].

The general theory of submonolayer ellipsometry has been reviewed by
Bootsma, et al. [7,87]. These authors haVe discussed various approaches for
modeling a layer of adatoms on a substrate, which included: (1) the Drude j
model; (2) Strachan's model; (3) Sivukin's model; and (4) an effective me- Y-
dium film model based upon the Bruggeman theory. Other authors paid par-

ticular attention to the anisotropic nature of the adsorbate layer [9,10].
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In the Drude model, the adsorbed layer is represented as a homogeneous,
isotropic film of constant optical properties and increasing thickness.
Fractional surface coverage is taken to be proportional to the increasing
film thickness. This model employs three adjustable parameters, the com-
plex refractive index and the thickness of the complete monolayer; it
predicts a linear variation of the ellipsometer measurements delta and
psi with surface coverage. The disadvantage of this model is that it is
based on the unrealistic physical concept of representing a fractional

monolayer as a film with é_thickness less than one atomic diameter.

The Strachan model assumes a two-dimensional distribution of Hertzian
oscillators, characterized by scattering indices for each of the three @
coordinate axes, at the interface. The oscillator strengths, and hence
the scattering indices, increase with surface coverage. At low coverages,
linear variations of delta and psi are predicted. This mode] has the
advantage of being able to account for anisotropy normal to the interface
and the disadvantage of requiring optical constants which cannot be inter-
preted in terms of established macroscopic properties (atomic dimensions
and polarizabilities).

In the Sivukin model, the adsorbate layer is characterized by
ratios of the interfacial polarizability to that of the substrate. This
model also allows for anisotropy normal to the interface and has the
advantage of using optica1lconstants whichAcan be interpreted in terms
of macroscopic properties. However, calculations assume a nonabsorbing

adsorbate layer. Knowledge of intermolecular distances between adjacent

adatoms and between adatoms and substrate atoms is required; one must
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also know the adatom cross-section. The equations are very complicated

and predict nonlinear variations in delta and psi with increasing frac-
tional coverage.

Uniaxial anisotropy of the surface layer can also be accounted for
with film models which are more macroscopié in nature. The adsorbate
layer is given a thickness and extraordinary and ordinary complex refrac-
tive indices. This model has been used by the authors to explain results
of spectroscopic e]]ipsometfy for dyes adsorbed on various metallic
surfaces [ 11]. Unfortunate1y, such a model requires 5 adjustable parameters,

four of which vary with surface coverage (the complex refractive indices);

adsorbate iayer thicknégé haS been assumea constant. Dependence of the
optical constants on surface coverage is difficult to define. Such a
model can be used when the extinction coefficient of the adsdrbed layer
shows a peak in the spectrum and exhibits dichroism, such as that caused
by the preferred orientation of the electronic transition moment of a dye.
The Pb underpotential deposit on Cu and Agldbes not show these properties.

Experimental Procedure

Experiments were conducted potentiodynamically with measurements of
the electrode surface being acquired with a fast, self-compensating
instrument at a wavelength of 515 nm. The electrolyte was 5 mM Pb(NO3)2,
1M NaClO4 at pH 3. The single-crystal surfaées were approximately 1.2 cm
X 2.85 cm and were mounted in epoxy. Electrodes were polished mechanically,
ultimately using a water-base paste consisting of 0.05 micron alumina parti-
cles. The electrochemical cell was made of acrylic resin and held 250 ml of
electrolyte. It had two quartz windows which allowed ellipsometry of the

surface at a 75 degree angle-of-incidence. The potential of the working
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electrode was swept from 200 to ;800 mV (vs. Ag/AgCl reference) at 1.5
V/min. Data acquisition and interpretation was done with-a LSI-11 micro-
coﬁputer. Fractional coverage was determined by digital coulometry (1nfe-
gration of the UPD peak during cyclic vo]tammetry);vunity coverage was
assumed at the potenfia] where the cathodic current dropped to backgrbund
levels. Double layer charging was substracted from the total charge used
for determining coverage. This charge balance for the electrode imblied an
velectrode roughness féctor of 1.2, which is a typical value. Details of the
procedure and instrumentation are discussed elsewhere [1,11].

Effective Medium Film Model

An effective medium film model has been investigated in which the
underpotential layer at submonolayer coverage is treated as a composite
film of constant thickness consisting of randomly distributed Pb adatoms
mixed with electro]ytév(Fig. la). The volume fraction of Pb adatoms
represents‘fractidnal coverage. The Bruggeman theory was used to compute
the apparant refractive index of this composite material because this theory
uses the dielectric properties of the effective medium as the host medium
and is therefore self-consistent over the entire range of volume fractions
of the components. In this model one assumes that the underpotential layer
is homogeneous ana isotropic, and that its optica]vconstants are independent
of coverage. The model requires only three adjustable parameters, optical
constants of the monolayer and fractional coverage.

The most general form for mixing the dielectric properties of several

materials of volume fraction B, is given in Eqn. 1 0217.
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Each term in the summation represents a weighted contribution of the
polarizabilities of individual components of the composite film which are
related to the molecular polarizabilities through the Clausius-Mossotti
equation (Egn. 2).

€; = 1 _
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For the binary composite of inter2st here, elecirolyte and Pb adafoms, with

eb representing the volume fraction occupied by Pb atoms in the monolayer

volume, Egn. 1 reduces to Egn. 3.
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This simplification is impdrtant in that the complex dielectric constant
of the compoéite film'materia1 (considered to be the host medium in Egn.
1) can be defermined by solving the resulting comp]ex quadrafic equation.
The general mu]iicomponent cése réquires finding n roots of an n-th degree
complex polynomial, a formidable task. Equations 4 through 7 are used to

compute the complex refractive index of the binary composite film; the



optical constants calculated from Eqn. 7 are substituted into the Drude

equation and used to predict the ellipsometer parameters delta and psi.

A—'I A ~ )
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The root with the largest modulus is used to calculate the apparent optical
constants (refractive index and extinction coeffiéient) of the composite
layer [13]. These equatiohs are also app]icab]é to binary porous films

of thicknesses exceeding that of a monolayer [1]. The experimentally
determined values of delta and psi for different surface coverages of an
underpotential deposit of Pb oﬁ Ag(111) are compared to predictions based
upon the effective medism film model in Fig. 2. The predictions are very
nonlinear with increaéing coverage, whereas the experimental measurements
increase linearly. The optical constants'énd thickness of the monolayer
used in this model were based on the measured values of delta and psi at
complete coverage; optimization to minimize error for‘a11 levels of cover-
age was not performed. Clearly, this model is inadequate to describe the

Pb underpotential deposit.



Island Film Model

A film model in which the underpotential deposit is represented as
patches or islands of monolayer thickness has also been investigated. In
" this model, it is assu..e that: (1) the optical constants of both thé
substrate and deposit are independent of potential and coverage; (2) the
thickness of the islands is the same as that of the complete monolayer; (3)
the islands can be treated as equivalent homogeneous, is.tropic layers; and
(4) the islands are sma]ier than the lateral coherence of the incident
light. Optically, this model is based on the coherent superposition of
polarization stateé [14]. Implicit in these assumptions is that of neg-
ligible lateral interaction between neighboring 5s1ands or variable charge
transfer between adsorbate and substrate as the deposit approaches a com-
plete monolayer. Overall reflection coefficients for both s and p polari-
zation states are calculated from weighted averages of those for the bare

and film-covered areas as a function of fractions coverage 6¢ of the surface
by the UPD (Eq. 8). |

~ -A + - .I\ . R 8
rv = ef rv,f (1 ef) rv,s (8)
These average reflection coefficients represent a coherent superposition
of polarization states resulting from reflection on adjacent bare and film-
covered surface elements. They are used to calculate the ratio of s and p

Fresnel reflection coefficients (Egn. 9).

>
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This ratio is then substituted into the ellipsometry equation (Eqn. 10)

for the calculation of the ellipsometer parameters delta and psi.

p = tan (y) exp(-ia) (10)
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This model also requires only three adjustabfe parameters, the thickness and
optical constants of the underpotential deposit. Predictions by the island
film model using the same optical constants and thickness as used for the
effective medium model,(Fig. 2) are presented in Fig. 3; also without
optimization over the entire range of coverage. Qualitatively, this model
predicts linear variations of delté and psi with coverége, as observed
experimentally.

Optimization and Confidence Intervals for the Parameters of the Island
Film Model

The island film model has been optimized, with optical constants and
" thickness as a adjustable parameters, for the Pb underpotential deposit
fo}mation on both Ag(111) and Cu(111), by minimizing the sum-of-squares error

between measurements and predictions over the entire range of coverage (Eqn.11).

M=

s - 12 (11)

2
AL (ay i = 8¢, 1)

i=1 i

The optimized values of the model parameters Nypp® kUPD and dUPD are given
in Table I and model predictions of delta and psi resulting from the use of
these parameters are compared to experimental measurements for Ag(111) and
Cu(111) substrates in Figs. 4 and 5. Agreement is very good.

Table I also shows confidence intervals of the model parameters.

These intervals were calculated from parameter variances, as shown in Eqn. 13.

s(p) = t(2N - P, 1 - 2a)[sE(p)1"/% (13)
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Computation of the confidence interval involves the Student-t statistic for
"2N-P" degrees-of-freedom and a specified level of confidence, where "N"

is the number of ellipsometer measurements and “P* fs the number of adjust-
able model parameters; in this case there were 17 degrees-of-freedom and a
95% level of confidence was specified.: The parameter variances were

estimated numerically (Eqn. 14) and it was necessary that the model variance

also:-be estimated numerically (Egn. 15).

2 _ : e
.c ~ Syn/df = Sypy/ (2N - P) o (14)
32 s S, \ +S, \ =2 Syun
2 .2 2
op 2(4p)

The parameter variances are indicative of the curvature in the sum-of-

squares hypersurface due to the respective parameters, and can be used

to determine the relative sensjtivity of the model td}errors in parameter
values [15]. Use of the Student-t statistic for conversion of the parameter
variances to confidence intervals implies that the data obey that distribution,
which may not be the case. However, variance and degrees-of-freedom are diffi-
cult to interpret in terms of a "real" error without using a factor such as

the t-statistic (value of 2.02 used here).

- The optical constants ng and kS of the substrates used in these
calculations were determined experimentally by ellipsometry of the bare sur-
face before formation of the underpotential deposit and are shown in Table I.
- Results Tie within the range of literature values [16]. The refractive index

of the incident medium was also obtained from the Titerature [17].
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Conclusions

1. As the Pb underpotential deposit layer forms on Ag(111) and Cu(111)

the ellipsometer parameters delta and psi vary linearly with coverage.

2. The effective medium film model, based upon the gradual filling of a
kmono]ayer by randomly distributed adatoms, with optical constants of an
equivalent film determined by use of the Bruggeman theory, does not agree
with experimental measurements and predicts very nonlinear variations

of delta and psi with coverage.

3. A new extrapolated macroscopic model, based upon the lateral growth

of a patchwise distributed island film, with the polarization of the
reflected 1ight determined by the coherent superposition of polarization
states, explains the experimental data well and contains the fractional
surface coverage explicitly. | |

4. Optimization_o% the three adjustable parameters of the island film
model over the entire range of‘coverages allows one to calculate confidence
intervals for the paraméters determined. |

5. The thicknesses of the Pb underpotential depésits on Cu(111) and Ag(111)
were determined to be about 3.5 and 4.1 Angstroms, respectively. These
values are comparable fo the atomic diameter of Pb. The éomp1ex refractive
indices of the surface layers on Cu(111) and Ag(111) were approximately

1.23 - 3.52i and 1.29 - 4.081i, respectively.
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Table I. Optical properties of the Pb underpotential deposit (UPD) at
complete coverage (6=1).

Wavelength of light, 5145&; temperature, 25°C; electrolyte, 0.5 and S.O,
mM Pb,*+ 1M NaC104; pH 3. ‘

Errors given for 95% level of confidence and based upon 37 degrees of
freedom, assuming applicability of the coherent superposition model.
Errors introduced by uncertainty in n_ and n_, (determined experimentally)
not taken into account. a S

Substrates Ag(111) Cu(111) Cu(111)
Pb concentration in 0.5 mM 0.5 mM 5 mM
electrolyte
Ambient refractive index n, 1.340 1.340 1.340
UPD refractive index  ngpp  1.285:0.007 1.225:0.066 0.952+0.417
UPD extinction coeff. Kupp 4.080+0.040 3.520+0.041  3.898+0.021
UPD thickness - (A) dypp 5.149+0.026 4.030+0.178 4.777+1.101
Substrate refractive =~ n.  0.174 0.788 0.853
index ’ S _
Substrate extinction kS 3.215 2.408 2.347

coeff.
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NOMENCLATURE
df - degrees of freedom, 2N-P
ﬁf complex refractive index of film
p general model parameter
;v Fresnel reflection coefficient for
polarization v (s or p)
r £ v Fresnel reflection coefficient for film
Ve covered surface
.S | Fresnel reflection coefficient for
’ bare surface
t(2N-P, 1-2a) the t-statistic for "2N-P" degrees-of-freedom
' at a "1-20" level of confidence
A, B complex parameters for quadratic equation
N : the number of pairs of A and ¥ measurements
N, atomic number density of component i .in
the effective medium
P the number of model parameters to be fitted
SE(p) the variance of parameter p
S ' sum-of-squares error between theoretical ellipsometer
85y parameters and those measured experimentally
SMIN -the minimum valug of SA,y corresponding to a
selection of optimum p values
S(+) _ a Xalue of Sp,y computed at a parameter value of
P P '
5(_) a value of Sp y computed at a parameter value of

p - Ap
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level of confidence, 1-2a
molecular polarizability of component i

in the effective medium

the error in pafameter "p" at a "1-2a" level
of confidence

complex dielectric constant of the effective
medium :

effective complex dielectric constant of
thin-film deposit

complex dielectric.constant of the host medium
complex dielectric constant of component i
making up the effective medium

complex dielectric constant of Pb

comp}ex dielectric constant of electrolyte

ratio of comp]e*vrefTection coefficients

the variance of the model predictions for A and ¥
fraction of surface covered by film of refractive

index nf

volume fraction of component i in the
effective medium

volume fraction of Pb in composite thin-film
deposit:

ellipsometer parameter, phase difference between

p and s electric field components after reflection,
relative to the incident (degrees) ,

calculated value of A

measured value of A
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ellipsometer parameter, amplitude ratio of
p and s electric field components after reflection
(tan y), relative to the incident (degrees)

calculated value of ¢

measured value of Y.
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Figure_Captions

1.

Schematic representation of the macroscopic equivalent film models
tested for the Pb underpotential deposit on Ag and Cu(111). (a.)

Increasing refractive index of film with. constant (atomic dimension)

‘thickness (effective medium model). (b.) Increasing coverage by

spreading:fi1m patches of constant thickness and refractive index
(Island or coherent superposition model).

Comparison of the changes in ellipsometer response as a function of
coverage g predicted by the effective medium model to the experimental
data for underpotential deposit formation on Ag(]T]). Wavelength 515
nm, angle of incidence 75°. Optical properties of the underpotential
deposit derived from ellipsometer meésurementsAat full coverége.
Surface coverage determined by‘measuremeht of charge passed during
deposit formafion.

Comparison 'of the changes in ellipsometer response predicted by the
island model before optimization of parameters to the experimental
data for the Ag(111) substrate. Wavelength 515 nm, angle of
incidence 75°. |

Optimized island model (1ine) for the Pb underpotential deposit on
Ag(111) and measured points.

Optimized island model (1ine) for the Pb underpotential deposit on

Cu(111) and measured points.
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